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TEE IAKtNAR BOIJRIMRYIdYYERBY SUCTION*

By A. Ulrich

ABSTRACT

Maintenance of a lamina.rboundary layer by suction
was suggested recently to decrease the friction drag of
an immersed body, in particular an airfoil section ~1].
~.e present treatise makes a theoretical contribution to
this question in which, for several cases of suction and
blowing, the stability of the lamlnar velocity profile is
investigated. Estimates of the mlnlmum suction quantities
for malntainl~ the laminar boundary layer and estimates
of drag reduction are thereby obtained.

OUTLINE

I. Statement of the Problem

II. Symbols

III. Examhation of the Stability of
Profiles .

(a) The flat plate with suction
.Vo(x) m l/Kf

(b) The flat plate with uniform

Laminar Velocity

and blowing”

suction

(c) The fl.a%plate with an Impinging jet

N. Stability Calculations

m- V. Application of the Results to Drag Reduction by
Malntatning We Laminar Boundary Layer

*“ Theorettsche Untersuchungen ber d~e Widerstandser-
sparnls durch L8mlnarhaltung mlt Absaugung.” Aerodynamisches
Instltut der’Technischen Hochschule Brauaschwelg, Berlcht
Nr. 44/8, March 20, 1944.
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I. STATEMENT

Recent investigations

. .. .

OF THE PROBLEM

established the fact that the
drag on a wing may Fe reduced by maintaining a larn$nar
boundary layer. me f’lrstmethod to obtain a large region
of lsminar flow is to select a proffle which has the
minlnmm pressure ~osltion as far back as possible. Suctlon
of the boundary layer as indicated b“yBetz [1] is another
means to move the transition point from ls@nam to turbulent
flow as far back as possible. The present investigation
makes a theoretical contribution to the problem of
transition laminar/turbulent in the bound~=y layer under
suction and blowing conditions. To this end an examination
of the stability of the lsminar boundary layer with
suction was made.

Suction always has a stabilizing effect on the laminar
layer, that is, the transition point Is”moved downstream;
whereas blowing has destabj.lizingeffect. The stabilizing
effect of the suction results from: first, a reduction
of the boundary laysr tlxlclmeas(a thin boundary layer
Is less Inclined to become turbulent than a thicker one,’
other conditions being equal); and second, chanSes in “
the shape of the laminar velocity distribution and
therefore: an increase in the critical Reynolds number
of’the boundary layer (u@/u )Crtt (U = velocity outside

the boundary layer, 5* = displacement thlclmess, see
chapter II, v = kinematic viscosity). In lfothcases there
is an analogy to the influence of’a negqtive pressfi’e
gradient on the boundary layer.

Theoretical calculation of the transition
laminar/turbulentmust be based on Lnowlqdge of the
laminar velocity distribution W@ requires considerable

H. Schllcht@ and K. Buswann [3] and Ft.Igllsch
afi~~~~’exact solutions of the boundary layer .vithsuction
and blowin~ ahd these”solutions are suitable for an

.
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examination d’stability, . The following oases were
... inves.tlgated:... .. .........,------.4..

(1) The boundary layer on the flet plate in
longf.tudinalflow with auction end blowlng distributed
aooording to Vo(x) E 1}~ (X = distance along the
plate.). . .

(2) The bouhdary layer on the flit plate in
longitudinal flow with.uniform suction, V. = const., “
starting at the front adge of %h& plate,1-

(3) The bound~-tayer
jet with uniform suotbn or

Only the results of -m
of a laminar bmindary layer

for a-flat plate w!th an ffnjj~~
uniform blowlng-

invest$~stlon of the stability
on a flat platm in longitudinal

flow and with un~.fom~~suction are at present avail~ble.
For this cese, the thickness m“ the boundary layer is

The ve15city distribution of this
profile Is dapendent on y only,
H. Sohlichting [~] , as follow%:

(1)

asymptotic suction
and is, nccordl~ to

4~=1.e”6 *
U. ; v(~,~) = vo = C.onst. (2) .

4

The critical ReTnolds number for this asymptotic suction
profile is nccording to K. Bussrnannand H. tinz [2]
(Uowu )~r~t = 7opoo. Since for the plate In longitudinal
flow without suction (U05% )or~t = 575, the suction

in this case increases the critical Reynolds number by
a factor of about-100.

m.

‘“” l%% the ko~ Riyn;lds”ninnberwith suctltin,””the
“ minimum suotion quantity noosssary for malntalnlng the

laminsr boundary layer can be determined immediately
(since 6* ~ 6*orit)

L — nm—mmmmmm- .n— .—— —
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Then from equptlon (1) -~06#/~
quantity 1s:

= 1, the minimum suction

“v
JQ’—CQcri.t= U. 7q:oo = 0.4 x 10-4 (3)

Since the quantity is sma-~lthe maintenance of a ltinar -
boundary leyer by suction seems rather promising; therefore
further investigations of’the stability for the boundary
layer with suction were oarried out in this repcrt.
The minimum suction quantity for maintaining the Iamlna%
boundary la~~r and the drag reduction shall be es.ta.blished,

11. SYMBOIi3

Xs y

z

‘b

u(x)

u~

u, v

reotanfiih cogrdlnates parallel ‘--
and perpendicular to the wallj
x= Y= O at the leading
edge of the plate, or the stag-
nation point (figs. 1, 4, and 7)

len@h of plate

potential flow outside of the
bcnmdary layer; U = u~x
for the plane sta&nE.tion
J?IOW TJ= Uo for the flat
plnte in longitudinal flew

frocl+ltreamVelocity

ocnqponehtsof velooi~~ in the
boundary layer parallel and perpen-
dloular to the wall, respeotlvel~
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Vo(x)
- ..

. .

Q.

#

* -a
‘Q=— Zb X U.

preaoribed nomal veloolty
at the WELL1;V. > 0
blowing, V. < 0 suotlon

shear stress at the wall

displacement thlokness of ths
boundary layer

momentum thl,oknessof the
boundary layer

total suotlon quantity and
blowing quantity, respectively,
for the plate in lon@-
tudinal.flow; ~< O
suoticn, Q > 0 blowing

nondimensional quantity rate
of flow ooeffioient for the
flat plate: for the plate
with uniform suction this
coeff~$ient beoomes

--S (v. = const);‘Q=u

% > 0“suotion, oQ<~

/

“ blowing
<i

c ‘“Q~ reduoed flow ooeffloient for
the fl~t plate with the
suction distributed as

-v 2UOX

()

V*(X) - l/*

‘~=+ ~=GQ2x~ nondinmnsional extent of
o lamtnar flow for the plate

flow with Unif09?mSUC.l-iiOIi

re,duoedflow,ooeffloi.entfor
the plane st~atlon flow

friotion drag ooeffioient for
the flat plate In longi-
tudinal flow (plate wetted
on one side)
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XX~. EXAMINATION OF THE STABILITY

OF LAMINAR VELOCITY PROFILES

(a) Flat nlate with suction and blowlng accordl~

to v~ s 1/’.

The first series of the investigated veloclty pro~
files cormerns the flat plate in longitudinal flow with
continuous suction where the suction velocity is dfstritnw
ted acoording to V. “.l/@ (fig, 1). Sohliohtlng and
B~ C3] gave exact solutions of the clifferential
“equations for the boundary layer with suction and blowing
for this ease. It is a characterlsti.cof this case that
“each..veloc}~~.nrofile along ~~0 ~51at0~g .reAlq~e.@.t.oa .--------
p&scri-b&fimass flow o;ef~ioient, The reduced flow
coefficient

.. . .- .
c = C(j’ = CQ-

appesxw decisive. Herein

CQ = -~bUo

. . .

.

stands for the,ordinary flow coefficient ~or the plate
of the length ~ and the width b, and Re = uo2/u
for the Reynolds number of the plate. Positive flow
coefficients correspond to suction, negative ones to
blowing, For this case all the blowing profiles have
a point of inflection.

The velocity profiles for the flow coefficients

c =-f+
1 and ~,that IJ,oneblowtig~rd’ilewith R pBiQ*

of inflection and three suction profiles were selected
for the Investigations of stability, Thesa pro#iles
togethe~ with the profile for C = O ($lat plate without
suction) are Riven in terms of y\f5* in figure 2, The
second derivatives of these velocity distributions, which
are essential for the calculation of stability, are
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drawn in figure 3. Table 5 shows the connection betweenm-. - 5* ‘“”and-the re-gldnof the laminar flow x. ““

(b) Flat “platewith uniform suction: V. ~ ~onst~

The second serlee of velocity profiles along the
plate are for the case of uniform suction (Vo = constant).

these profiles were calouleted exactl by Iglisch [4.].
%Figure A shows the flow along the fla plate with

uniform suction which was investigated by Igllsch,
and figure 5 represents the examined veloclty profiles.
The velocity profiles with increasing

(4)

starting at the f’o.mof the Blaslus nrofile at g = 0,
gradually approach the asymptotic suction profile according
to equation (2) [51i The second derivatives of these
velocity prcfiles are druwn in figure 6. All the
velocity profiles have negative curvature throughout

(a%l/’by2<o). \Vithinoreasing~ the absolute values of
b%/Ly2 increase r~pidly. Fl~;ure7 and table 7 re~resont
the nondlmcnalonal parameters of the boundary layer,
namely the dlsp.lacementthfckness .-voi3*/y,momentum

thickness
-Vo$

shear stress TOWLLUOand shape
parameter

six X$fi%”%%
51+/~& f&ctions of

Igltschts calculations [)+]. .
~armmeters # = 0.005; 0.02; 0.08; 0.18; 0.32 and o-5 were
examined wit~ respect to stability. The results for -
5 =Oand ~== arp Imown from [2].

suoti~:~ Flat ~late with an impin~i~ jet with uniform

As a third series several stagnation point profiles
from those calculated exactly by Schlichting and

s. Bussmman [3] were exmined with respect to stability.
The potential t’lowis in this case (oomparo figw 7)

u(x) = U1 x; v(y) = -Uz y

;
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Figure 8 shows this plane stagnation flow. Figure 9 shows
the velocity profiles which were investigated. Their
shape changes with the flow coefficient

co==-
Vq

(5)

Positive values of Co correspond to suction and negative
values of Co to blowing. The profile with Co = O is

Hie?nenzlprofile of the boundary layer; this profile
results from the first term in the Vower series starting
at the stagnation ~oint for the boundary layer of the
circular cylinder.

The velocity profiles with the flow coefficients
co = -301905 ; -1.198; O; 0.5; 1.095 and 1.9265, that is,

two blowing profiles, the profile with an impermeable
wall Co = O and three suction profiles were selected
for the stability investigations. Figure 10 shows the
second derivatives of theso vtiloclty~~rofileswhich
have negative values throughout. Table 7 shows the
corresponding boundary-layer parameters.

IV. STA131LITYCALCWATIONS

The examination of stability for these lamina
velocity profiles was carried out according to the method
of small vibrations in the same way as previously

f
Iven

in detail by ~f.Tolluden [10] and H. Schlichtlng [ ~ .
A plane disturbance motion In the l’ormof a wave motion
progressing in the direction of the flow is superimposed
over the basic flow. It Is essential that the basic flow
U(y) be assumed dependent on the coordinate y only.
Then the s.mplitudadistribution of the basic flow also
Is a function of y only. The equation

(Ut = 9 ,vf=- 9!
w 5X

!f(x,Y)= q(y) efa(x - Ct) (6)
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‘L.. .

I1.

1}I

IS %alld for the”flow functfon v(x,y) - of’--thesuperimposed
dlsturbanm motion (u’, v’). u is real andxgives the
wave length h of the disturbance motion, = 21f/am
o = Cr + lc~ “~Soomplex; Cr represents the wave velociky
of tranamiaaion and oi, positive or negative, the
exoltatton or.damping, respeotlvely. ~(Y) = *(Y) + iqi(y)
glvas the complex amplitude funotlon. The ordinary
llnear dlf~etientlalequation of the fourth order

with the boundary conditions

7 =O:q=q)l= c);y=ul:q= ql=o (8)

is obtained lar that function fr~m Nav’ler-Stokesyequations.
~ ~qu~t~.~i~(’7)all values are rendered nondimensional
with a suttabls boundary-layer tl.lckness b and the
potei~ttalveloclty U: R = U6/v stands for the Reynolds
number; .Fs~~~fies dif’ferentlstionwtth respect to
y/a ● !iheboundar~-layer oondlticms. result from the
disappearance of the normal and tangential components “
of the disii~u=banceveloclt
the boundary-layer (y T

at the wall and outside of
==. The examination of stahllity

of the prescribed basic flow U(y) Is a charaoteristio
value problem of’that dlffarential equation In the
following seine, slnqe U(y) the wavelength A = 2?r/a
and the Reynolds number U6/u are prescribed. The
mqnplex oharacteristlo value o = or + IcI is required
for every two corresponding values a, R; from the
real part of c results the veloclty of transmission of
the su~rlfilp~seddlstwbmoe; the imaginary part of c
is deoislve for the stability. Disturbance oocurrlng
for the condition of neutral stabillty (oi = O) are
especially interesting, and lie on a curve (neutral

b. stability curvd) in the a, ii plane. The neutral
stability ourve separates the stable disturbances from1
the unst~ble ones.(see figs. 14 tol~)!l!hetangent to .
the neutral stabtlity curve parallel to the a-axis gives
the smallest Reynolds number at Wilicha neutrally stable
disturbance is still posslble~ This number Is the critiml
Re-number of the baslo flow.

I

t
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In exmnining the”stability of tho suction profiles,
the boundary conditions of equation (8) were hold the
ssma as In the case of the impermeable wall; that fs,
disappearame of the normal and tangential disturbance
velocities at the wall is required for the boundary
layer with suction also, although the normal componant of
the basic flow at the wall IS different from zero.

The numerical solution of”the characteristic value
moblem then takes exactly the same course as indicated
by W. Tollmlen [1o] and 5. Scnlicnting [61 and needs,
therefore, no further explanation here. For the stability
oaloulation, the velocity prof~les are approximated by
parabolas in the form:

u—= 1
u

-p(a- y/6)n (9)

The constants p, a, and n for the three investigated
series of profiles are enumerated in table 1. The closest
agreement with tha axect velocity profiles near the wall
was important. (Figs.2, 5,and 8.) The polar diagrams
for the examined velocity profiles are given in figures 11
to 13 as an intermediate result of the stability calcu-
lation. The neutral stability curves were obtained from
these dia~rams and ad* is plotted against Uo6*/v in
figures ~ to 16 snd corresponding values ara tabulated
in tables 2 to 4.. These curves show that the stabillty
is greatly increased by suction while blowing decreases it.

Figwe 1)4shows in datail that in the ~late flow
with continuous suction the neutral stability curves
for positive flow coefficients C lie betw.!anthose
for the flat nlate without suction and those for the
asymptotic suction ~rofile, which ware calculated
previously by Bussmann and Miinz[2] . The case of

blowing with C = - ~ demonstrates clearly the enlargement

of the region of instability.
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As to the flow along the plate, figure 15 shows that
‘- the neutral stabillty”curves for the values of g used

here also lie between the curves for ?!= O (flat plate
without suction) and ~ = m (asymptotic suotion profile).
For increasing ~ the region of instability diminishes
and at ~ = 0.5 the neutral stability curve appeaxnsto
aprmoach the curve of the asymptotlo suction profile.

The stabillty In the stagnation flow also Is greatly
increased by suotlm; with increasing flow.coefficient
co the neutral stability curves (fig. 1%) approach the
ourve of the asymptotic suotion profile for the flat
plate. It is of titerest that the neutral stability curves
for the investigated cases of blowtig still lie inside
the curve for the impermeable flat plate.

The critical Reynolds number (Uo5*/U)~rit is
the tangent parallel to the ordinate of the neutral stability
curves. The critioal Reynolds numbers for the three
series of stability examinations are enumerated in
table 5.

The following detailed result wes obtained for the
plate flow with continuous suction

(V() - l/f)z): ~u#*/V)~r~t= 204 for the blowing

()
profile C =--

4,
and therefore is far below the critical

Reynolds number 575 for the impermeable flat ?late.
With suction the Reynolds number increases rapidly and

reaches for c = ~ the value of 1%00, thus evidently

z
approaching the cn?itioalReynolds number 7~00 for the
asymptotic suction profile determined by Bussmann-
Mill’lz[2]. Figure 17 shows how the transition point on
the plate is shifted backward with increasing.suction. -
The Reynolds numbers formed by the displacement thickness
are, for different flow coefficients C, plotted against
the Re numbers formed from the distance (x) measured
along the nlnte in this figure 17 and also “figbr6”18,
anldvalues are tabulated h table 5. The stability limit
of the impermeable wall (U&#V )~rlt = 1.1 X 105; but

~or a flow coeffioi6nt C = I critical Re exoepds 107

“. . ..
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and therefore reaches the Re-number region of today~s
large and fast eirplanes.1 Figure 19 shows the
dependency of the oritical Reynolds number on the shape
p~~~eter ~*/e.

Flow along the plate with uniform suction (Vo = conah),
the critical Reynolds-numbers for different &’ compiied
in tabls ~ lie between the critical Reynolds n~bers 575
for the impermeable wall end 70$00 for the asymptotic
suction profile. Fi~ure 20 shows the result of tlm
stabil~ty calculation in whicl~the critic~l Reynolds
nunbers (Go~*/v)~rit me represmbed as f’mctions of’

the nondimensional. flow distance K. In fi~ure 21 the
onset of instability ~s ascertained. Here both the
stability limit (‘06*/U)~rit according to fi~ure 20

and the nondimensicmal boundary-layer thickness go&/u
plotted apainst E for different flow coefficients

cQ=- vo/uo are shown. The boundary-layer thickness
is obtained from

u#* -v(#* Uo—= — —v v -Vo
(lo)

the values of -V06*/U as functions

given in figure 7. Stice for ~“+~:

separate curves have the asymptotes

of ~ are
-vo6*/u = 1, the

‘)~ . ,+’m=~=co.

-Vcj
(11)

The point of transition is given by the Intersection
of a mrve Uo6*/v with the stability limit (Uo~*/V)~rtt~

/

—- .
1~ Ut

= 1 means Cn + = 1, thatis,with TJo2/u= 107..

Cn = 3.16 x M-4.
il

.
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The onset of hstabf.llt omurs before & = 0.1 for
5

the flow coefficients * =-*s. *S *S. .~.

on the ~thqr hand, there is no intersect on for
V()

u>
.—

0 ~’”””””

Flow ooeffioients
.

● . .

>“ 1
%rit = ~ =

1.18“x 10-4 “(A
●

region. e I.ato be oompazzedwith the value
1

%orit = - = 0.14 x 10-4 determined by Bussmarm”and

hlunz(referenoe 2) for the as”&pototio suction profile~
The minimum flow ooeffioiant neoessary for maintaining
the lamlnar boundary layer is, therefore, Increased by
about the faezor 10, if the preliminary lamlnar flow
region Is taken into eonslclerationo The earlier investiga-
tion had already led to this presumption, The minimum
suotion quantlt~ found herewith is

‘Qorlt =
la18 x 10-4;

‘One could consider the possibility of reduoing .
the total suction quantity still further than

‘Qor%t = 1/8500. One would have to select suoh a

distribution of -v.(x) as to make the curve Uo?W/U
in figure 20 remain ever here just underneath the
stability limit (Uo8*fi~rit 9 The necessary distri-
bution [-v.(x)@o] Grit Is given to a first approximation

by the intersections of the curves Uo5@ for different
-v#Jo wtth me stability limlt (fig. 21). One then
obtains up to about ~~-= 0.1 an Increasing 100al flow
ooeffi~ient [-vo(x)/Uo]erit; the maximum Is reached .

with l/8500 at about &= 0.1: for higher ~ there Is
again a“deorease.down to the oonstant as~tote
(-v@. )= = l~woo. The total suotion quantity, however,
would hardly b reduoed under the oonstant value

praotloal purposes if suoh an
distribution of @uotion we

v
selectedt

Remolds nuniber uo2/u =10 and

,. --.,., . . .— . .
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this ~antlty is still so small that the maintaining
of the lamin”arboundary layer by suotton appears quite
promising. We mention, for oamparison with experimental
results, that the necessary suction quantities in
Holsteln~s [7] measurements on the supporting wing are,

‘Q = 1,1 ‘x 10-4 to 2.8 x 10-4. TkLlsvalue 1s, however,

not exactly comparable to the thoeretloal one since the
suction in the measurements was produced through slots.

Figure 19 represents the critical Re-number

(UOWLI)orl~ as a function of’the shape parameter

5%/$● Simultaneously, the results of the stability
calculation for the velocity profiles of’the flat plate
with continuous suction V. - 1/’ are drawn into this
diagram. One can see that-the critical Reynolds numbers
of the two stability calculations lie on the same curve.
Hence it is concluded that the critical Reynolds number

(Uowb )Crit is dependent on the shape parameter .6*/&

only.

Plane stagnation flow.- The crittoal Reynolds number

(U05;1V)Critfor the impemneable wall (Co= O) is. 12,300;

for the suction quantity (Co = 1.9265) this figure

tnoreases to 38,000 (fig. 22). Tfithblowing the critical
Reynolds number decreases slowly; the value of 707 is
reaohed at Co = -3.1905 (table 5). These critical
Reynolds numbers also are given Es f’unotlonsof C@
in f’@ure 19; one osn see that they take a course
similar to the flow along the platb althou~ they lie
somewhat underneath this curve.

region where
CQ

can be considerably

1/8500”is still far beyond the end of

“. .

smaller than

the plate.
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V. APPLICATIONOF TBE RESULTS TO’IEUW”REDUCTION..

., .,O . BY ?fAWAIN~G .&E L@-IJl~BO&DARY LAYER..I.V,
.m

The drag ooeffloient c~ is.plotted agal~st”~e
Reynolds number in f’tgure25 for the Iamlnar and” ..
turbulent flow “inthe boundsr$.l~yer of the flkt
plate With”oontinuous suction vo “ ~.” The &~-
ooeff’ioientcurves from referenoe o] f’ordlff’erent
quantities of suctl~n and blowing C also are shown
in the figure [3] In this diagram; the coedll?icie~ts
cf Increase with increasing suction quantities.

. . Drag may be reduced by suction in the region between
the mrve for the lmninar”flow of the flat plate ~
(c = O) and the fully turbulent curve, if the laminar
boundary layer can be maintained there by suotton. The
result of the stability calculation given in figure 18,
that is, the critical Reynolds number (“@/U )~rlt as a
funotion of the mass coefficient’ C, was transferred
to this diagram and yields the curve denoted l’stability
limtt,“ This curve slgntfies that for conditions (C, Re)
above this llmlt the suction quantity Is sufficient to
ma$ntain the laminsr boundary layer at the ,respective
Reynolds number.

The drag reduction by maintaining the lamln~
boundsry layer for different Reynolds numbers can “be
specified immediately by means of this diagram. The
tin~m su~tion qu~tity CQ ~r~t = c~r~t/~ ‘ecess=y

t% maintaining the lamlnar boundary layer Is determined
f’ora given Reynolds number; then the drag coef~iclent
Cf for the f’ully.turbulent and laminar flow with
suction is read off the ordinate, This calculation Is
carried out for the most interesting Reynolds numbers

6 8f’rom2 x 10 to 10 in table 6. One can see that for

instance for Re & 107 a drag reduction’of more than
70 peroent can be obtained. This statement, however,.
does not yet make allowanoe for the power required.,

aThe frictional drag coefficients represent in the
present ease of continuous suction the total drag, beoause
there ~s no additional sink drag of the suotlon quantlt
since the parts suoked off spent their x-lmpulAe fully L
the boundary layer already. Ccmpare Sohllchtlng [8].
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for.the suction blower. But this power *S not excessive,
ainoe only very mall suction quantities are needed here.

I&me 23 was concerned with the plate flow with
continuous suction; In a stiilar way, in f’lgure24
the lsmln,ar.frictionaldrag coei’ficient of (determined
acoording to I@lach~s [~ calculations) for the plate
flow with uniform suction is plotted against the” “
Reynolds nm~ol~fth the f’lowcoefficient

‘Q= /-V() Uo as panameter. For very small Reynolds
numbers, all curves converge to the curve of the plate
wtthout suction. c~ becomes contant with the value
Ofm = -2vo/Uo for high Reynolds numbers where the
larger part o.

5
the plate lies within the region of’the

asymptotic so ution with condt~t boundary layer. The curve
-v

CQ crit = (
-4 “— = 1.18 x 10 snamed “stability llmit”

was drawn Into the diagram (fig. ~) as the result of’“the
stability calculation. Figure 25 represents”the same
condition again; but, dlff’erentfrom figure ~, cf is

given on the ord~nate”in ordin~hy”scale. Both represen-

tattons”show.that for Instanoe at Re”= 10’7 a dr .
*reduction of’80 percent of’the @lly turbulent r otional

9
can be achl eved. Fl gure db compares the drag

re uctions by maintaining the lamlnar boundary layer and
the critical-suotion qufitities for the two c&es-

uniform suc~lon””and V. - l/@.

A oompgison of the results obtained under the
assumption of’unif’ormauction V. = constant wtth the
results based on tti”suction rule “v. w l/& demon- “
strates the following: The critical suction quantity
c~.cr~t for continuous suction V. -~fi is variable

with. Re =“Uol/D” ahd Is forlall Re< 7 x 107” larger
than tQe suction quantity for uniform suction which M

const~t” Oq crit = 1.18 X 10-4. “ “The drag reduction
for u%Lf’orm$uctioh also is”larger in the considered ,.
region of Reynolds numbers th~ for V. - l/fi; for .
instan:e, the drag reduction at Re = 107 1s”80”~ercent

‘“tigainst73 percent.- Therefore,-theunif’ormsuction Is
at any rate preferable to the suction with .V. “ l/fi

. for the whole region 5 x .106< .Re< 108 that is, the
main regionmof interest for practical purposes.

.
●

... . “.
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-. -s.. ..Athigh,.Re-mumbers. Lover 108) onl~ the suction
aocording to the rule Vo(x) * l~fi””khow~”smaller
critical suction quantities and higher drag “reduction
than uniform suction. Table 6 and figure 26 give a
comparison of the critical suctioq quantities and the
drag reductions for the two.suction rules.

VI.

IN

M’E&SuR_TS OF THE VELOCITYDISTRIBUTION

THE LAMINAR BOUNDARY LAYER Wl?H SUCTION
I

Ftially, a f9w results of experiments about the
boundary layer with suotlon shall be given. In figure
27 two measured v“locity distributions with the
asymptotic suction nrofile [5] and the Blasius profile
for the plane plate in longitudinal flow without suction
are compared. The first measurement w,ascarried out
by Holstein ~7~ on a wing with the=p;~~i~: NAcA 0012-64;
the measuremmt was taken at x/z = Wing chord)
of the wtig center section on the suction side (a = 00),
with six suction slots of the suction side oponed. The
velocity distribution which was converted into tho dis-
placement thiolmess conforms rath~r well with the asymptotic
suction profile of the flat plate with uniform suction
while differing greatly from the 131asiusprofile with
impermeable wall.

The seoond measurement was taken by Ackeret [9] ; a
suction channel with numerous narrow slots a short
distance behind the suction length was used. This
velocity distribution also takes ~ course similar to
the aspptotic suction nrofile. Therefore, the few
existing measurements show good agreement with the
theoryastio the form of’Iamlnar velooity distribution with
and without suction,respeotlvoly.

I VII. SUMMARY

Stability calculations were carried out on three
series of exactly calculated velocity profiles for the
laminar boundary layer with suction: (a) on the flat
plate with continuous suction aocording to the rule
Vo ‘l/@, (b) on the flat plate with uniform suction

1
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V. = const., (c) ‘ohtho flat plate ‘wtth an Implnglng
jet with uniform suction. It became obvious that the
stability of the boundary layer is greatly increased
by suction, on the othor hand greatly reduced by blowing.
While the suction quantities are increased slightly,
the cr~tical Reynolds number increases greatly and
approaches the value found by Bussmann-M&z
(Uo~*/~)crit= 7@O0 for the asymptotic suction profile.

Then the minimum suction quantities necessary for
maintaining the laminar”b undary layer w re determined;
they were c = 1.1 x 10-

%
E to 2.a x lo-6 for the plate

with continu s suction and l.1~ x 10-4- for the plate
with uniform suction. The drag reduction obtained by
maintaining the laminar boundary layer at .Re = 107 is
80 percent of the turbulent drag without suction.

Transacted by Mary L. Mahler
National Advisory Committee
for Aeronautics
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TABLE 1

VELOCITY i’ROFILES.FORVAHIOUS

THE THREE INVESTIGATED FLOWSG“& AND Co OF

( oACCORi)INGTO EQ’UATJON(9): : = 1 - P a 0 ‘.

c P a n

Flat plate with “
continuous suction “
Vo m l/&

1.238
1.000
1,000

● 133
.137

0.95
1.015
1.00
1.6 6

z1.6 2

P a

1.015
.968
.980
.966

1.667
1.660
1.6 4
1+.42

o“
.0707

3
1

:2

!!
.4?

“ .56
.707

w

co

-3,1905
-1.198
o“
‘* 5
1.09

z1.92 5

Flat Dlate with10
uniform suctionl .005

10000
1.068I

Vo = const. “ .02-
.08

1wol+2
1.072

.1296

. 13i6
● 1335
.00254

P n

1-.0330
.100

Plane stagnation flow
with uniform suotlon

.“
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TABLE 2

NUMERICAL VALUES OF’THENEUTRikL STABILITY CURVES OF

THE PLATE FLOW WITH COMTINU07JS“SUCTION “V. - Z/fi

c

~

4

WP

Asymptote

3

2
2

c/u.

0.20
.25
.368

.40 ““

.I&o
:~;

.47

0.05
.05

-.20
.10
● 15
.15
.20
,20
.25
.25
.30
.30
.31

0.05
“.05
,10
.10
.15
.15
.20
.20
.25

0.05
.05
.10
.10
● 15
.15
.20
.20

i

o. !37
83

: 96

.756

.~
G
:846
.879

0.084
.084
.150
.:3:

B228
.512
,~1.2
.390

?4
; TO

47~
:49

O::gg

.133

.138

.207

.2c7
::~:

●357

o ● 022
.022
,044

Y:0 7
.067
.09a
.090

a/3*

0.092
.120
.2

%.30
9337
.234
.364
.267
.565

.~j8

.0165
; 075
$0?2
.Iil.;
bogl
.132
.075
.155
,101
.174
. llg!
.170

o.o~
,021
.071
.03

i
.09
● 05
.127
.080
.131

0.037
● 017
.077
.035
.100
.05
.11
.085

:.;;;

:341

1.4-8
J
:49?
.217
.367

8837
1920
~;~

105
$2.:

13:7
13.5

6.~
5.30
5.33
3.06

15900
27&

xl?
115
53.2
2 .0
Z1 .92
999

11300
3;;;

305
102

63.2
32.1
22.5

.
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TJWW .3.---- ~.,,

NUMERICAL VALUES OF’THE NEUTRAL STABILITY CURVES OF

THE ONCOMING PLATE FIO’fWITH UNIFORM SUCTION.-,

J’
(

~ &

A x 10-3”E + a6* ~
o

0 0.10 0.036 118 ~

.20 ● 077 “ 7.20 .

.20 .49 37.7

~25 ‘.101 “ 3.01

‘5.L ● 188 12.0

.30 .129 1.53

.30 .223 4.61

.325 943 1.15

.325 .238 3m2~

●35 ● 159 .893

●35 .252 2.07

●375 .181 ● 736

9375 .264 1-42.

~o “ .205 .6?M~

.ko . .274 1.02 “

42 .239 ,605

.J@ .273 .n3

. .

. .

. .



TABLE 3 - Continued

NUMERICAL VALUES OF THE NEUTRAL STABILITY CURVES OF

TEE ONCOMING PLLTE F~W WITH UNIIK)RMSUCTIDN -%’CentInued

!

E YK U06*
‘< a6* 7

x 10-3

8*

0.005 0.10 0.055 0.076 63o
.10 ● 05

J
.0365 131

.20 .1 ~
::4 “ .0J

22.7
.20

2’?”
;.9

.30 .173

.30 .173 :55 i1: 6

.35 .203 .23
1

1.51
.35 .19 1.16

● 02 .10 .053 .074 778
.10
.20 ::;~ :f’ . q;:$ .
.20 .108 .07

i
12 ●

.25 .138 .17 9~3

.25 .13C .108 5.06

.30 .167 .200 3 .e5

.30 .167 943 2.59

.08 .10 .050
z

,07

+

~4
●10 .050 .03
.20 .100 J& 2 .6
.20 .100 15.3
.25 .127 .160

z
.67

.25 .127 .111 .65

.275 .1405 .163 6.17

.275 ● 1405 .152 4.67

.295 .151 .163 3.95
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‘1

& ----- .r,.- TABLE 3 - GQBduded .
r
i. NUMZRIC4L V&L7UESOF THE NiIUTRALSTABILITY CURV?S OF
~:

THE ONCOMING PLATE”FIOT,LI’I’liUNIFChM SUCTiOii- Coricludetl..
.,:
.:
,.

● ✎

I
I
t
I

El

0.18

.32

●5

co

0.10
● 10
● 20
,20
.25
.25

——
o.o~

.05
,15
.15
● 20
● 20

0.05
.05
,15
● 15
,20
,20

0.025
.025

..09
.09
● 15
. Is
● 175

YJ

&

0,047

1
● 04
.09
● 095
● 120
● 120

0.0225
.0225
.068

.068

.092

.092

0.022
.022
.066
.066
● 088
.088

0.0253
.02 3

z.C!9 3
●o 43

2●1 3
.163
.192

0.037
.04
,090
.056
.122
.089

0.038
.017
,09
.05 t
.111
.ou~

0.01 6
3.00 0

.0618

.0326.

.0 35
t!!.0 05

.088

603.3
8 ●?
22 99
lb.5
10.13
8.S7

28.
22 ● t’

10G4O
3727

197 ● o
07.5
3i.5
24.9

43200
106400

lylo

.—
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TABLE 4
....

NUMERICAL VALUES OF THE NEUTRAL STABILITY CURVES OF

T.HRPLANZ STAGNATION FLOW WITK UNIFORM SUCTION

co
c

uop .

~
a5* — x 10-3

v

-5.1905 0.15 0.10
?

. 77.6
● 15 .0

a+
25.1

.20
● 20 :079 w
.30 .207 3.70
● ~o ● 134 2.02
● 35 . ?37 1.58
● 35 ● 200 1.12

-1.198 ● 10 .071 653 .
.10 .034 218
● 15 ● 106
.15 .0 3

J
Ig ●

● 20 .2 2

.20 .~79 3:3

.25 .171 9.63
“5.< .14
‘9 .165 ;:;2

o :;~ .03
i

4J:
.05 .01
● 10 .06

ii

711
● 10 .03 292
,15 .09 14
.15 .055 ;i.E!
● 20 ● 119
.20 .082 18.1
.23 .125 4.8
● 23 .102 13.8
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. . .. . TABLE -4
h~l’ICAL VAL-WESOF TRE

27

- Concluded ...

NEUTRAL STABILITY CURVES OF

T~ PLANZ STMHL~TION FLOW WITH “~lFORM SUGT”lDIT- Concluded ,

co

0.5

1.095

1.7265

b ... .. .. .
1.

. .

c
K“

“ o,o~
.05
● 10
● 10
● 15
● l=j
● 20
● 20
● 22
● 22
.05
.05
● 10
.10
.15
● 15

“o9<
● 20
.215
.05
.05
● 10
● 10
.15 “
.15
.175
● 175
.19

ai3*

0.0%2
● 067
●o65
.o~l
.094
.053
.120
.078
.14.
.101
.02~
.013
● 067

. CJ52
● ~$3
.055
.112
. U8Z
. log
.o~l
.o~
,063.
.032
.091
..05
.10z
.073
,093

... . .

U06*
x 10-3

u,,

19.1
23493

7512

21190
3156

“$3. ~
i21+.

83.5
‘9*5
tg 7
3 :0

, , ,. ,.——— —— ....— —
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TABLE 5

TIH CRITICAL REYNOLDS NUMBERS AS F..UNCTIONSOF C, I&’,

AND Co FOR THE TF?ZZ!INSTIGATED FLOWS
.-

Flat plate
with con-
tinuous
suction
Vo - l/@z

Flat plate
with uni-
form suo-
tion
Vo = Ccnst.

r-

~hne stag.
nation flol
with uni-
form
suction

-0.25
0

1’
●

1“5
Asymptotic

suction
profile

-V.

t

ox

E .—= Uo,u

o
● 07:7

3:2

4
.4’
● 56
.707

-3.1905
-I. 198
0

●’

J
1.09
1.9 5

2.59 . ~n:
2* 3

za- 7 1820
2.59 3935
2.31 7590
2.25 13500
2.21 21900
2 ; 70CJO0
6+* t206r Y ri

I

{

2.538 707
2.3’2 4460
2.218 12300
$ ~7% 17360

700
32~088 3 000

()UoxT crit

1.03 x 104
1.10 x 10

a
.25 x 10i!
.31 x 10

4.90 x 10z
---
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TABLE6 i

.-
.“

>

i

Flat p18k
with om-
tinuous
Suotlm

Flat plate
with
~.f~
mlqtim
v~ 0 Oonst.

.-—

Uoz

2 x 106
5x lo;

2xI07
5 x 107

@

~6

2 x 106
5X:$

2x107
5xlo7

~8

I

‘orit

OJ+

:$
.m

●9
1.05

---
--.
---
---
---
---
---

0.28
~aa
19205
.18

‘.15
.11

O.lls

I

Full
turb.

)f Y 1$

4.0

3m3%
2.9
2.7
2.4
2.2

--

494
3.e

393

3.0

2.6
. 2.3

2.1

&x~t~
mot ion
Ofxl d

1.4
995
.8
.6
94
●3

195
1.1

.8

:!5
●35
.30

b I , EG

!
2.6 O.*
2.35 .71 .
2.1

j
875

~,1 .78 “
2.0 .63 ‘
~m9 .86 . .

m
2.9 0.66 .
2.7 .71 .
2.5 g ,
2.4 .

2.15 ● ‘:
1.95 :g . i
1.8 . :

%in* quantityeuotionat the plate -,
Aof = ( Cf)fillt~b. - \@ldnar withsuotim

. .
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TABLE 7

THE CEAMCTERZSTIC BOUNDA~-LAYER PAMMETERS OF THE
.

INVESTIGATED I~~LTAR V’EIJCCITYPROFILES WITH SUCTION

T06*

.

..
0. 0h.)

:41
z.58,

.390

Flat plate
with con-
tinuous

-0.25 2.77
2. $J

z
;:2;
2.22

5*

15●

suction “

‘o - 1/$

-v03

-r” .0

Flat plate
With
Unlfortn
9uctlon

‘Q
= const.

o
.0707
, til

0
0. 320

.125

.160

.192

.221

.21#E1

.273

.295

.315
95

0.571
.607
.631
.671
.699
.726
.750

$$.

.830
1co

6*

T

2+4
2.35
2.22
2.17
2.13
2.09

-v
co =-Q-

FlV

0.608
.698

i
96

: 36
.868
.917

Plane stag-
nation flow
with
Unlfom
Suctlorl

-3.1905
-1.198
0

.5

*:$g
.292
.250
.209
.167

1.@5
1.9265

. .
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i.
Figure1. Explanatorychart:Boundarylayer

continuoussuctionaccordingto therule
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Figure2. VelocitydistributionsU1l-loagainsty/~* forvariousflowcoefficientsC
of theflowfromFig.1:WP = pointof inflection.Comparisonwiththeapproximati

,j ~
ofequation(9).
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Figure3. The second derivatives of the velocity distributions from Fig. 2. (C= flow
coefficient).
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Figure 5. Velocity distributions u/U. against y/8* for different
f

according to
Iglisch [4] ; compmisons with the approximation of equation (9).
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Figure 6. The second derivatives of the velocity distributions of Fig. 5, according
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4kH4+2iH
R 42

Figure 7. The boundary layer parameters for the plate with uniform suction:

r -vo} ,~o~%and-Vo ,
@

J3gainst [1according to Iglisch 4 . (Flow Fig.4).

v V p~ @

/-v[y)

Figure 8. Explanatory chart: Boundary layer of the plane stagnation flow with uniform
suction vosconst.
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Figure 10. The second derivatives of the velocity distributions from Fig.8
according to Schlichting-Bussmmn [3] ●



,, f“ --- -. - — ---------- ~
——

.

44 .\ \\
.7(EI ‘.\

\\
\

‘.
‘.\

o 42

.,

\ \

o 42

Figure 11. Polar diagrams for the solution of the equation D(~w)/ -~w=E (CC,C) for the
velocityprofilesof the flat plate in longitudinalflow with vo~~fi; calculation
of stability.



. 44
\

o

44

0

o 02 44 R[[]46

Figure 12. Polar diagrams for

velocity profiles of the flat
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Figure 14. Result of the stability calculation for the flat plate in

rlongitudinal flow with vo-l/ x. The neutral stability curves

a$” against U&*/Wfor various flow coefficients C.
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Figure 15. Result of the stability calculation for the plate in
longitudinal flm with uniform suction: The neutral stability

curves@$* against U &*/w for various f:{=(&_)2 +’

t== O: Plate without suction (Blasius)
)
5=00: Asymptotic suction profile.
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Plane plate (Blasius)
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Figure 16. Result of the stability calculation for the plane stagnation flow

with uniform suction: The neutral stability curvesa &*against US* /~

for various flow cmfficients co=
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Figure 17. For ascertainingthe position of the point of instability (U~/~)Crit from the
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Figure 19. The critical Re-number (U.$ */Zf)Crit as a

function of the shape parameter J “Id for the plate

in longitudinal flow with V.’11 G and vo=const.

and the plane stagnation flow.

A



NACA TM No. 1121

fos
70/700 (asymptotic suction profile)

—— —— ——. ——. —. —-L—— . -——

5

-/+
L/o’8*

2 v crik
lt74

5 /

2 /

403 d f
575 (plate without suction)

2

#02
o &72 44 Q6 48

Figure 20. The critical Re-number (Uo~*/w)Crit as a

function of ~.~~-~ for the flat plate

o
in longitudinal flow with uniform suction.
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Ascertaining of the critical flow coefficient c for main-
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Fig. 22

UOJ*Figure 22. The critical Reynolds number (~ )Crit as a function

of the flow coefficient Co for the plane stagnation flow with uni-

form suction.
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Figure 24. Drag coefficientsof the flat plate with uniform suction and with the stability

limit; Pcf in logarithmicalscale, cf = W/O — V2 ;O=wetted surface,
2

Lsminar without suction:~ol

Cf =1.32a (~ )~(according to Blasius).

Lamina.rw~suction for Uol/V+OB: -v.
cf=2~ =2 CQ,

o
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Figure 25. Drag coefficientsof the flat plate with uniformsuctionand with
the stabilitylimit.
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Figure 26. The relative drag reduction
(cf) fully turb.

and the minimum

suction quantity necessary for &intaining the laminar boundary
layer CQ ~rit as a function of Re = Uol/Zrfor the plate in

longitudinal flew with uniform suction (vo+const) and with

Vo r-l/x. Cf= (Cf) -(cf)
fully turb. lamimr with suction
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